The arylomycin class of antibiotics are a group of bacterially derived natural product lipopeptides that inhibit bacterial type 1 signal peptidase (SPase).^[@ref1]^ Their spectrum was initially thought to be narrow, but they were later shown to exhibit broad spectrum activity that was masked by the pre-existence of a resistance-conferring mutation in the SPase of many of the test organisms.^[@ref2]^ It was hypothesized that the presence of these resistance-conferring mutations was the result of previous selection pressure, suggesting that the arylomycins once had broad spectrum activity and thus, with optimization, they might again (i.e., a "latent" antibiotic family^[@ref3]^). Indeed, initial optimization efforts yielded analogues with increased activity and spectrum,^[@ref4]^ including activity against the important Gram-negative human pathogen *Escherichia coli*.^[@ref5]^ However, the main challenge to the development of novel analogues is the lengthy and low-yielding synthesis of the macrocyclic core. This Communication presents a simplified, scalable route to arylomycins and analogues thereof displaying potent Gram-negative activity enabled by a pivotal Cu-mediated oxidative macrocyclization.

The peptidic structure of the arylomycins points to amino acids as logical precursors for synthesis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). These natural products are comprised of a lipophilic tail connected to a 14-membered, biaryl-bridged macrocyclic core. Whereas the former is trivial to install, the latter represents the primary challenge for synthesis. This type of problem has been encountered before, such as in the AB ring system of vancomycin.^[@ref6]^ Those classic studies taught that three general approaches are strategic: (1) macrolactamization; (2) cross-coupling; and (3) oxidative phenol coupling. Initial studies toward the synthesis of the arylomycins demonstrated that macrolactamization is not a viable route, and ultimately the use of an intramolecular Suzuki--Miyaura coupling provided access to the macrocycle.^[@ref7]^ While this route provided the first access to synthetic arylomycins and has enabled all of the optimization efforts to date, it suffers from several drawbacks. First, the Suzuki--Miyaura coupling used to forge the macrocycle proceeds, in the best case, in 51% yield using 20 mol% of Pd catalyst (the mass balance is protodeborylation byproduct that cannot be recycled).^[@ref8]^ Next, installation of the requisite functional and protecting groups for this coupling requires extensive manipulation of the amino acid precursors (including an additional Pd-catalyzed step to install the boronic ester). This results in a lengthy 14-step synthesis of the macrocycle with an overall yield of 6.4% (36% ideality).^[@ref9]^ This costly and labor-intensive route has delayed development efforts and would be prohibitive of any large-scale synthesis efforts necessary to advance to preclinical or clinical studies.

![Contrasting retrosynthetic analyses of the arylomycin macrocycle (illustrated with natural variant arylomycin A~2~).](ja-2018-00087h_0001){#fig1}

We were thus drawn to the third and final tactic employed in biaryl-fused macrocyclic peptide synthesis: oxidative phenol coupling. This process is known to underlie the biosynthetic origin of the macrocycle^[@ref10]^ and is a classic example of C--H functionalization logic applied to synthesis.^[@ref11]^ Since Barton's first example of this type of reactivity,^[@ref12]^ many methods have become available for oxidative phenolic coupling, including the use of organic oxidants,^[@ref13]^ stoichiometric^[@cit13b],[@ref14]^ and catalytic^[@ref15]^ metal oxidants, and electrochemical oxidation.^[@ref16]^ Additional precedence for intramolecular oxidative coupling of short peptides is provided in the Evans group's efforts toward the synthesis of vancomycin.^[@cit6d],[@ref17]^

Our investigation of this route began with synthesis of the linear tripeptide precursor, which is quickly assembled via amide bond formation between **1** and an NH~2~-Ala-Tyr-OMe dipeptide ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). This delivered **2** in good yield on multigram scale, enabling a broad screen of conditions known to promote oxidative coupling. First attempts were made with strong metal oxidants (VOF~3~, MnO~2~, Pb(OAc)~4~, etc.), which resulted in decomposition of the substrate. Additionally, peroxides, hypervalent iodine reagents, and quinone oxidants all resulted in nonproductive consumption of **2**. Milder metal oxidants (FeCl~3~, VO(acac)~2~, K~3~\[Fe(CN)~6~\], etc.) generally demonstrated no reactivity with **2**, with the exception of CuCl, which produced trace amounts of the desired macrocycle.

![Synthesis of the Arylomycin Core via Oxidative Macrocyclization\
Reagents and conditions: (*a*) **1** (1 equiv), HCl·NH~2~-Ala-Tyr-OMe (1 equiv), HOBt (1 equiv), EDC (1.5 equiv), Et~3~N (3.3 equiv), MeCN/DMF, 25 °C (72%); (*b*) \[Cu(MeCN)~4~\]\[PF~6~\] (2 equiv), TMEDA (2 equiv), O~2~, MeCN, then **2** (1 equiv), 25 °C (60%). Abbreviations: HOBt = 1-hydroxybenzotriazole, EDC = *N*-ethyl-*N′*-(3-(dimethylamino)propyl)carbodiimide hydrochloride, TMEDA = *N,N,N′,N′*-tetramethylethylenediamine.](ja-2018-00087h_0002){#sch1}

This result prompted an extensive investigation of Cu-mediated oxidative coupling, an area of study most prevalent in the synthesis of BINOL and its derivatives. Employing conditions reported by Nakajima,^[@cit15b]^ utilizing \[Cu(OH)Cl·TMEDA\] in dichloromethane open to the air provided isolable amounts of **3**, albeit in very low yields (ca. 10%). The previously reported "open flask" procedure, where air served as the oxidant, unfortunately could not be applied in our hands since the macrocyclization was found to be sensitive to water. Performing the reactions under a dry oxygen atmosphere resulted in over-oxidation of the product. Because oxygen seemed to be the only competent terminal oxidant ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}), preformed copper-oxo complexes were generated using O~2~ and subsequently reacted with **2** under an inert atmosphere. Screening of copper sources identified \[Cu(MeCN)~4~\]\[PF~6~\] as optimal, likely owing to its high solubility in organic solvents. Bidentate tertiary amines were the most competent ligands, with TMEDA ultimately providing the highest yields. Finally, acetonitrile as a solvent gave the best results, even over dichloromethane which is extensively used in similar reactions. These results ultimately point to the formation of a bis(μ-oxo)dicopper(III) species (**O**) ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) known to be favored by bidentate amines, weak counteranions, and polar solvents.^[@ref18]^ The optimized conditions are robust and allow macrocyclization of **2** to be performed on a 5 g scale, providing **3** in a 60% isolated yield. To the best of our knowledge, this represents the largest peptide macrocycle to be forged via a Cu-mediated oxidative process. By obviating all prefunctionalizations and several protecting group manipulations en route to the macrocycle, 6 steps were excised from the previous route, bringing the ideality to 63%. Additionally, the yield for the macrocyclization is higher than that of the optimized Suzuki coupling, which provided **4** (with phenols protected as methyl ethers). All of these factors lead to a 6-fold increase in the overall yield (from 4-hydroxyphenylglycine). Metrics aside, the previous route required approximately twice the labor and involved manipulating unstable intermediates across multiple steps.

With large quantities of the macrocycle now readily available, we turned our attention to making derivatives of the arylomycin A structure. In particular, the C-terminal end of the arylomycins is known to hydrogen-bond with the catalytic Ser-Lys dyad of SPase ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b00087/suppl_file/ja8b00087_si_001.pdf)), and only simple amide derivatives have been made to explore optimization.^[@cit1c]^ Starting from **3**, removal of the Boc group and coupling with **5** provided **6**, containing an optimized lipophilic side chain reported previously.^[@ref20]^ While the Cu-mediated macrocyclization yielded a mixture of interconverting atropisomers, appending an amino acid to the hydroxyphenylglycine residue provided only a single atropisomer matching the natural products. Double alkylation of **6** followed by saponification yielded the free acid **8** ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). This free acid was then subjected to the decarboxylative Giese reaction recently described by our group (P.S.B.) to yield **10**, **11**, and **12** after deprotection.^[@ref21]^ We also utilized the decarboxylation method to deliver **13** after deprotection. Finally, deprotection of **6** and **8** provided compounds **7** and **9**, respectively.

![Development of Arylomycin Analogues: (A) Synthesis of Analogues via Decarboxylative Methods[a](#s1fn1){ref-type="p"} and (B) MIC Assay of Antibacterial Activity\
Reagents and conditions: (*a*) **3** (1 equiv), AcCl (10 equiv), MeOH, 0 to 25 °C; (*b*) **5** (2 equiv), PyAOP (2 equiv), DIPEA (6 equiv), DMF, 50 °C (82%, 2 steps); (*c*) **6** (1 equiv), LiOH (10 equiv), THF/H~2~O, 0 to 25 °C; (*d*) TFA/CH~2~Cl~2~ (1:6), 0 to 25 °C (41%, 2 steps); (*e*) *N*-Boc-2-bromoethan-1-amine (4 equiv), K~2~CO~3~ (5 equiv), DMF, 50 °C; (*f*) LiOH (10 equiv), THF/H~2~O, 0 to 25 °C (69%, 2 steps); (*g*) TFA/CH~2~Cl~2~ (1:6), 0 to 25 °C (40%); (*h*) **8** (1 equiv), DIC (1.1 equiv), NHPI (1.1 equiv), CH~2~Cl~2~, 25 °C; (*i*) and (*k*) see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b00087/suppl_file/ja8b00087_si_001.pdf) for details. Abbreviations: DIPEA = *N,N*-diisopropylethylamine, DIC = *N,N′*-diisopropylcarbodiimide, NHPI = *N*-hydroxyphthalimide.\
**6** isolated as a 1:1 mixture of diastereomers at α-C of diaminobutyric acid; all assayed compounds diastereomerically pure in configuration shown (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b00087/suppl_file/ja8b00087_si_001.pdf) for details).^[@ref19]^\
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Antibacterial activity of each analogue, and for comparison that of the previously reported analogue arylomycin A-C~16~,^[@ref2]^ was measured by determining the minimal inhibitory concentration (MIC) against a broad panel of bacteria ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}B, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b00087/suppl_file/ja8b00087_si_001.pdf) for the structure of arylomycin A-C~16~).^[@ref2]^ Compound **7** had lower activity than arylomycin A-C~16~ against all strains tested, with the exception of a marginal increase in activity against permeablized *E. coli* (BAS901). In agreement with a published patent,^[@ref5]^**9**, which differs from **7** only by the addition of two alkyl amines to the macrocycle, has impressive activity against intact *E. coli*. Remarkably, we found that **9** also gains significant activity against the important Gram-negative human pathogens *Klebsiella pneumoniae* and *Pseudomonas aeruginosa*. All C-terminal derivatizations resulted in reduced activity, likely due to the loss of stabilizing hydrogen bonds with residues in the active site of SPase. If this is correct, it suggests that the cyano group of **11** is better able to compensate for their loss through the formation of other stabilizing interactions. However, the carboxylate is not required for activity, as demonstrated by **13**, which shows the highest activity of the C-terminally modified derivatives. It is possible that the lack of any substituent could allow for retention of water molecules in the active site that are precluded by a substituent. It is therefore suggested that, in order to retain activity, the substituent should possess specifically oriented hydrogen-bond-acceptor functionality to stably engage the active-site hydrogen-bond donors. Nonetheless, **10**--**13** all maintained reasonable activity against all strains tested except *P. aeruginosa*. This, coupled with the dramatic increase of activity of **7** relative to **9**, highlights the importance of the macrocyclic alkyl amine substituents. The alkyl amines likely increase activity against Gram-negative species via increased penetration through outer-membrane porins. The increased activity against the Gram-positive species is more difficult to understand, as based on structural studies they are predicted to be oriented into solution.^[@cit1c]^ However, these studies do not include the machinery of the Sec channel or other membrane proteins that might be proximal under native physiological conditions. Further exploration of this hypothesis, as well as the effort to develop analogues as therapeutics, will be facilitated by the simple and scalable arylomycin synthesis reported herein.^[@ref22]^ This work is yet another example of how scalable synthesis can aid in the evaluation of promising antibacterial leads.^[@ref23]^

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.8b00087](http://pubs.acs.org/doi/abs/10.1021/jacs.8b00087).Experimental procedures including a graphical guide for the key oxidative coupling and analytical data (^1^H and ^13^C NMR, MS) for all new compounds, optimization tables, and bioassay procedures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b00087/suppl_file/ja8b00087_si_001.pdf))
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